Figure 1. Identification of L28 as a Major Substrate for Ubiquitination
(A) Two-dimensional IEF/SDS-PAGE analysis of affinity-purified total cellular ubiquitin conjugates. JSY171 cells, expressing 6His-myc-ubiquitin, were UV irradiated and lysed in the presence of 8 M urea. The clarified lysate was subjected to chromatography on Ni-NTA resin, and the eluate analyzed by IEF/SDS-PAGE, followed by immunoblotting with anti-ubiquitin antibody. The pH range of the IEF gel was 3-10 (see Spence et al., 1995) . Spots A, B, and C correspond to progressively multiubiquitinated forms of L28, as shown below. Ub, free ubiquitin; Ub2-Ub4, free ubiquitin chains. The mobility of electrophoretic markers is shown at right, with molecular masses given in kDa. (B) Disassembly of affinity-purified ubiquitin conjugates releases a single major protein, identified as L28 by Edman degradation. The Ni-NTA column eluate was dialyzed against a neutral buffer to remove urea. After resolving the dialysate by SDS-PAGE, parallel gels were either silver stained to reveal total proteins or immunoblotted with anti-ubiquitin antibody.
(C) Immunoblot analysis of extracts from wild-type (SUB280) and ubiK63R (SUB413) cells, prepared according to Tarun and Sachs (1995). The filter was probed with an antibody to L28. An arrow indicates unmodified L28. The mobility of electrophoretic markers is shown at left, with molecular masses given in kDa. (D) Epitope tagging of L28 confirms that electrophoretically retarded species reacting with the anti-L28 antibody contain L28 protein. Arrows indicate presumptive monoubiquitinated forms of wild-type and tagged L28.

Results
these antibodies revealed a ladder of modified forms of L28, which were, as expected, eliminated in the ubiK63R strain ( Figure 1C ). In addition, epitope tagging of L28 Identification of L28 as a Substrate for K63-Linked Chain Formation results in an equivalent size shift in both the unmodified and apparent monoubiquitinated form, indicating that Formation of the most abundant ubiquitin-protein conjugate in yeast is abolished in the ubiK63R mutant components of both bands are derived from the same gene ( Figure 1D ). (Spence et al., 1995). To identify the substrate component of this conjugate, a yeast strain was constructed which expresses ubiquitin with an N-terminal extension Ubiquitinated L28 Is Associated with 80S Ribosomes and Polysomes of six histidines followed by a myc epitope (see Beers and Callis, 1993). Ubiquitin conjugates were isolated on Ribosomal proteins, once assembled into ribosomes, are stable, but those that have not been incorporated a nickel-NTA column and eluted at low pH in the presence of 8 M urea. Immunoblots of two-dimensional gels into ribosomes are rapidly degraded, most likely through the ubiquitin pathway (Gorenstein and Warner, 1976, of the eluate, as probed by anti-ubiquitin antibodies, revealed a vertical series of free ubiquitin chains and a 1977; Warner et al., 1985; Maicas et al., 1988) . To test whether this phenomenon can explain the ubiquitination diagonal series of spots representing multiply ubiquitinated forms of a basic ubiquitin-protein conjugate (Fig- of L28, we determined whether L28 is ubiquitinated when present in ribosomes. Cell extracts were prepared ure 1A). Upon dialysis to remove the urea, the ubiquitin conjugates were disassembled, presumably by a copurifrom exponentially growing wild-type and ubiK63R cells and analyzed by sucrose gradient sedimentation. Profying ubiquitin-specific isopeptidase, releasing a single detectable protein that was not recognized by antibodteins in each fraction of the gradient were resolved by SDS-PAGE and immunoblotted. In immunoblots of wildies to ubiquitin ( Figure 1B To confirm the ubiquitination of L28, we prepared antisponding to unmodified L28, was detected in immunoblots of ubiK63R cells ( Figure 2B ). These data indicate bodies to this protein. Immunoblots performed with Polysomes from cycloheximide-treated cells were analyzed on sucrose gradients, followed by SDS-PAGE and immunoblotting. Gradient profiles are shown with the top of the gradient to the left and are aligned with the blots. The blots were probed with antibodies to L28. (A), wild-type extract; (B), ubiK63R extract. The side panel to the right of (A) shows the pattern of ubiquitin-reactive bands observed on the same blot (the side panel corresponds to the lane marked with an asterisk). These data indicate that bands A-C represent ubiquitinated forms of L28. The band between A and B that is detected using the anti-ubiquitin but not anti-L28 antibody is likely to represent a free multiubiquitin chain (data not shown). Some variation in L28 amounts from fraction to fraction resulted from incomplete recovery of L28 during concentration of gradient fractions for electrophoresis. that L28 can be modified by a variant multiubiquitin posttranslationally modified, apparently by ubiquitination, insofar as most of the modified forms of FLAGchain in actively translating ribosomes.
L27a can be aligned with anti-ubiquitin bands from the same blot.
Ubiquitination of the Human Homolog of L28
If the ubiquitination of L28 were functionally significant, To confirm that the modified forms of L27a contain ubiquitin, as opposed to a cross-reacting, ubiquitin-like it would be expected to be conserved in evolution. Although ribosomes have been subjected to extensive protein, 293T cells were transfected with a plasmid expressing 6His-myc-tagged ubiquitin (Ward et al., 1994) . biochemical analysis, ubiquitination of the ribosome has not previously been reported for any species. We found Total cellular ubiquitin-protein conjugates were affinity purified from these cells using a Ni-NTA column. L27a that the antibody to yeast L28, which is raised against evolutionarily conserved amino acid sequences, decontaining species of greater than 40 kDa were retained on this column ( Figure 3D ). These high molecular weight tected a ribosomal protein in extracts from human cells (see below). To test whether this protein was the human forms of L27a are shown in Figure 3A to be ribosomally associated. Modified forms of L27a that migrate in the counterpart of yeast L28, we expressed the orthologous human gene (RPL27a) in E. coli. Recombinant L27a was 25-35 kDa region of the gel were not efficiently purified on Ni-NTA columns, possibly because retention of modidetected by the antibody and comigrated electrophoretically with the major form of the ribosomal protein recogfied L27a on the column is enhanced in the presence of multiple 6His-myc-ubiquitin molecules. In summary, nized by the antibody (not shown).
To test for posttranslational modification of L27a, cythese experiments indicate that the capacity to be modified by multiubiquitination when present within mature toplasmic extracts from human 293 cells were resolved by sucrose gradient analysis, and the fractions subribosomes is common to L28 orthologs from yeast to humans. jected to immunoblotting with the antibody to yeast L28 ( Figure 3A) . A complex set of high molecular weight bands was found to cosediment with ribosomal protein
The ubiK63R Mutant Is Hypersensitive to Translational Inhibitors L27a, suggesting that the human homolog of L28 is posttranslationally modified. When the same blot was Because L28 is ubiquitinated on 80S ribosomes and polysomes, ubiK63R and wild-type yeast cells were reprobed with antibodies to ubiquitin, many bands were observed, most of which could be aligned with the moditested for their sensitivity to translational inhibitors. This phenotype has often been used to reveal underlying fied forms of L27a ( Figure 3B ). To confirm the presence of L27a within these conjugates, a FLAG epitope was defects in translation (Masurekar et al., 1981; Nelson et al., 1992) . L28 has been localized to the peptidyl transappended to the C terminus of the protein. FLAG-L27a was expressed in 293T cells, and cytoplasmic extracts ferase center of the ribosome (Xiang and Lee, 1989). Accordingly, ubiK63R mutants were found to be exfrom these cells were fractionated on sucrose gradients. Figure 3C shows an immunoblot analysis of an 80S tremely sensitive to the transpeptidylation inhibitors anisomycin and trichodermin ( Figure 4A and data not monosome containing fraction from the gradient. The results indicate that ribosome associated FLAG-L27a is shown). The target of these inhibitors is not L28 but The sensitivity of ubiK63R cells to translational inhibitors luciferase mRNA was low in extracts from ␣ factor arsuggested the existence of a biochemical defect in polyrested cells, intermediate in exponentially growing cell somes from ubiK63R mutants. To directly test for such extracts, and highest in extracts from hydroxyurea a defect, the stability of ubiK63R polysomes was anatreated cells in which L28 was heavily ubiquitinated (Figlyzed by sucrose gradient sedimentation under various ure 6B). Polysome profiles showed a similar pattern; the conditions. An important requirement for polysome stahighest levels were observed in extracts from hydroxybility is MgCl 2 , which is necessary for the association urea treated cells, and lowest in ␣ factor arrested cells of mRNA and tRNA with the ribosome (Wintermeyer et ( Figure 6C ). In summary, the most efficient translation al., 1990). At 30 mM MgCl 2 , polysome profiles from wildwas observed in extracts in which Ͼ95% of ribosomes type and mutant cells were comparable ( Figure 7A ). were ubiquitinated. These experiments indicate that ubiquitination at the peptidyl transferase center does not However, when polysomes from the mutant cells were analyzed in the presence of the reduced MgCl 2 concenmay influence the elongation phase of protein synthesis. While the mechanism of this effect remains to be identitration of 3 mM, they dissociated into 80S ribosomes to fied, it is striking that the in vitro properties of polysomes a greater extent than those from wild-type cells (Figure are substantially altered by the ubiK63R mutation. The 7A). Similarly, polysomes from ubiK63R cells were stabiinstability of ubiK63R polysomes in reduced MgCl 2 suglized to a much lower extent than wild-type polysomes gests that L28 ubiquitination may result in an enhanced by a reduced cycloheximide concentration of 10 g/ml association of ribosomes with mRNA transcripts. The ( Figure 7B ). This result is consistent with the partial resisinstability of ubiK63R polysomes in low cycloheximide tance to cycloheximide that is conferred by the ubiK63R is also of interest because the target of cycloheximide, mutation.
by genetic criteria, is L28 (Kaufer et al., 1983) . CyclohexiBecause MgCl 2 is also required for the structural integmide is routinely used to stabilize polysomes for analysis rity of monosomes and ribosomal subunits, we analyzed on sucrose gradients. the effect of reduced MgCl 2 concentration on the stabilThe present data, together with previous studies of the ity of free 80S ribosomes. Runoff ribosomes were generubiK63R mutant, indicate that K63-linked multiubiquitin ated by treating cells with sodium azide prior to lysis. chains play multiple regulatory roles in S. cerevisiae.
The extent of dissociation of 80S ribosomes into 40S
Although entirely proficient in proteasome-mediated and 60S subunits in 3 mM MgCl 2 was comparable in protein degradation of test substrates, these mutants mutant and wild-type extracts ( Figure 7C) This provides strong support for the view that the pleioquitin chains are required for proper functioning of the tropic defects of the ubiK63R mutant reflect an inability translational apparatus; the ubiK63R mutant is hyperto form K63-linked multiubiquitin chains. However, presensitive to the translational inhibitors anisomycin and liminary studies suggest that the Ubc13/Mms2 complex trichodermin due to a direct effect on the rate of protein is not responsible for the formation of K63 chains bound synthesis, and polysomes from this strain are less stato L28, insofar as ubc13 and mms2 mutants are not ble, at least in vitro, than those of wild type. sensitive to translational inhibitors (R. G. and D. F., unConsistent with these observations, we have found published data). Consistent with this view, we previously that ribosomes are abundantly ubiquitinated. This modishowed that the ubiquitination of a protein identified fication occurs on ribosomal protein L28, is dependent in this report as L28 requires the ubiquitin-conjugating on Lys63 of ubiquitin, and is cell cycle regulated were used in the case of 293T cells.) After 30 min of incubation on ice, the cells were lysed by passage through a 27 1/2 gauge needle confirmed by gel electrophoresis. In vitro translation was performed as described (Tarun and Sachs, 1995). Luciferase activity was meafive times. The extract was clarified by centrifugation at 2000 ϫ g for 5 min prior to gradient analysis. Clarified extracts from 293T sured by adding 10 l of reaction mix to 50 l of Luciferase Assay Reagent (PROMEGA) and recording the activity immediately for 1 cells were sedimented on 20% to 47% sucrose gradients prepared as described above and centrifuged for 17 hr at 54,000 ϫ g. min in a Beckman LS6000SC scintillation counter. 293 cells were treated with 50 g/ml cycloheximide for 25 min, then washed with cycloheximide containing PBS, and lysed in 100 Acknowledgments mM NaCl, 30 mM MgCl 2 , 10 mM Tris-HCl (pH 7.5), 50 g/ml cycloheximide, 5 U/ml RNAsin by passage through a 27 1/2 gauge needle We would particularly like to thank Corinne John for carrying out the ten times. Clarified extracts were loaded onto a 15% to 50% sucrose drug-sensitivity tests, Chris Larsen for generous help in constructing gradient in the same buffer without cycloheximide or RNAsin.
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